Advances in immunology and molecular genetics have accelerated our understanding of the genetic and cellular basis of many diseases. At the same time, remarkable progress in recombinant DNA technology has enabled the development of molecular and cellular treatments for infectious diseases, inherited disorders and cancer. This Perspective is intended to give a sample of the progress over the past ten years in cellular, genetic and immune therapy of disease. During this time, monoclonal antibody technology and cellular transplantation have begun to come of age in biomedicine. Innovations in gene delivery have not only catalyzed the nascent field of human gene therapy, but may also ultimately impact human health by advancing recombinant vaccine technology.
The year 2003 occasioned a landmark celebration: the fiftieth anniversary of the discovery of the structure of DNA. This was an opportunity to appreciate the extraordinary accomplishments of modern biology. The discovery paved the way for a renaissance in understanding basic biological principles, which is beginning to have direct application to the treatment of human disease. The year 2004 marks another anniversary: ten years of Nature Medicine, during which time the information derived from basic research has increasingly found its way into clinical practice. Advances in the powerful disciplines of immunology and molecular genetics have been synergistic, and our strengthened understanding of disease pathogenesis has allowed us to conceive and generate new therapies. During the past decade, several technologies once thought promising, but technically challenging, have proven tractable and are making significant inroads into the practice of medicine.
Recombinant antibodies
The development of the monoclonal antibody technique 1 -the fusion of spleen-derived B cells with dividing cancer cells, creating an antibody-generating 'hybridoma'-was greeted with enthusiasm in 1975, and monoclonal antibodies were predicted to have a profound effect on the treatment of human disease. Indeed, these antibodies quickly became of great practical use in basic research and diagnostic analysis. For at least two decades, monoclonal antibodies have provided fundamental insights into the antigenic structure of proteins and have helped reveal the roles of certain proteins in human disease. But the early promise of monoclonal antibodies as therapeutic agents was slow to materialize. Progress in this area was hampered by a number of technical hurdles: therapeutically relevant targets were difficult to identify, and the cost of producing purified biological reagents was prohibitively high. Worse still, it became evident that the first-generation antibodies derived from mouse hybridomas were themselves subject to immune responses that limited the efficacy and duration of their therapeutic effect.
The past decade has seen several major breakthroughs in monoclonal antibody therapeutics. The realization that antibodies to tumor necrosis factor-α (TNF-α) can ameliorate the symptoms of autoimmunity in diseases including rheumatoid arthritis and Crohn disease was a catalyst for further antibody research 2 . Indeed, antibodies to TNF-α provided a means to define the role of the cytokine in the immunopathogenesis of rheumatoid arthritis, while simultaneously becoming a therapeutic intervention. Three monoclonal antibodies have recently been evaluated and licensed for the treatment of rheumatoid arthritis [3] [4] [5] , and further studies are in progress for psoriasis and psoriatic arthritis 6, 7 . Substantial improvements in production technology, including the ability to make fully humanized monoclonal antibodies that evade the immune response, have facilitated progress in this field 3 .
Efforts to humanize the monoclonal antibodies capitalized on an understanding of the structure of the immunoglobulin gene family. This knowledge enabled mouse 'complementaritydetermining regions' (the regions that bind antigenic epitopes) of the immunoglobulin molecule to be engineered into a human variable-and constant-region framework ( Fig. 1) . Remicade, one of three licensed monoclonal antibodies to TNF-α, is such a humanized antibody, but it still elicits immune responses to the residual mouse complementarity-determining regions, which affect its potency and half-life.
Because even humanized antibodies can still elicit limiting undesirable immune responses, efforts have focused on the development of complete human monoclonal antibodies. The early hybridoma partners (cancer cells fused to spleen-derived B cells) were incapable of supporting the development of human antibodies, but a variety of technical improvements have now made it possible to generate completely humanized therapeutic antibodies (such as the recently licensed TNF-α-specific antibody adalimumab) that minimize the likelihood of generating antiimmunoglobulin responses. Among these technical improvements
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are Epstein-Barr virus-transformed cell lines, newer myeloma fusion partners that support the production of human monoclonal antibodies, the use of transgenic animals that express human immunoglobulin genes, the development of recombinant technologies for screening human libraries by phage display, and more sophisticated replacement strategies to minimize the animal determinants residual in the monoclonal antibodies.
Improvements in production technology have also advanced the field. For example, immunoglobulins can now be produced on a large scale in mammalian cells, selected immunoglobulin fragments can be expressed in bacteria, and antibody Fab fragments can be chemically modified (PEGylated) to increase their half-life in vivo. These advances have allowed manufacture at the appropriate scale at decreased expense. Finally, the identification of monoclonal antibodies with different affinities or specificities with respect to the target antigen has led to reagents with alternative properties. In addition to the success for rheumatoid arthritis, monoclonal antibodies have been used with increasing success for the treatment of malignancy. One of the first advances in this field was the targeting of the interleukin-2 receptor (IL-2R) for the treatment of T-cell leukemia. This approach grew from basic research that used antibodies to IL-2R to define its role in T-cell proliferation (reviewed in ref. 8) . These studies showed that T-cell signaling through IL-2R is a key process in the development of this form of cancer. The development of monoclonal antibodies to this receptor, as well as the use of the IL-2 protein fused to a toxin 9 , have provided proof of concept that targeting of a cell-specific growth factor receptor can induce a significant clinical response.
The IL-2R approach provided a paradigm for the development of several other antitumor monoclonal antibody therapies, including rituximab and Herceptin for the treatment of lymphoma and breast cancer, respectively, as well as other candidates directed toward different tumor cell types [10] [11] [12] . The number of monoclonal antibodies under development for other disease indications is growing rapidly, with more than 200 different antibodies now in clinical trials 13 . Beyond the evident contributions to cancer therapy, recent progress has been made in the treatment of allergic diseases and asthma by targeting IgE or chemokine receptors 14, 15 .
But all is not clear sailing from now on for antibody therapy-a number of challenges remain. For example, it has become clear that individual monoclonal antibodies for the treatment of rheumatoid arthritis have different kinetics and side effects that may affect their efficacy in vivo. As with conventional drugs, side effects of monoclonal antibodies must be dealt with, although they are more likely to be related to the mechanism of action than to unknown side effects often seen with pharmacotherapy. Such complications have already been observed with anti-TNF therapy, in which a recognizable increase in the incidence of infectious complications, particularly reactivation of tuberculosis, has occurred in patients undergoing this treatment.
Despite these problems, monoclonal antibodies will undoubtedly find ever increasing uses in the future treatment of disease, as well as in validating signaling pathways and disease targets for which conventional drug therapies can be directed and developed.
Lymphocyte transfer and cell transplantation
Several types of cellular transplantation have shown progress in the last ten years. Lymphocyte cell transfer, for malignancy, provided the first indications that cellular immunotherapy might prove beneficial. The recognition that tumors often contain lymphocytes that can be expanded with lymphocyte growth factors such as IL-2, then adoptively transferred into recipients, suggested that cell-based immune therapies could have an important role in the treatment of cancers. Indeed, an early clinical trial of such lymphocyte transfer to treat melanoma resulted in regression in 15-25% of individuals (reviewed in ref. 16 ).
These early observations prompted intensive research to define the immune effector cells that mediate the effects, identify the target tumor antigens, and understand the cytokine regulatory networks that might limit the efficacy of such immune responses. For example, the ability of cytolytic T cells to recognize processed peptides derived from cellular genes, such as those encoding Mart-1 or tyrosinase in melanoma, led to the recognition that protective immune responses are often directed toward tumor-associated, rather than tumor-specific, antigens. In addition, a variety of immune-suppressive factors, such as IL-1, transforming growth factor-β or Fas ligand (CD95L) can inhibit protective immunity. This understanding has stimulated efforts to overcome these impediments to effective antitumor immunity.
Lymphocyte transfer methodology has also been used to induce immune responses or deliver recombinant genes in T-lymphocyte populations that have been applied to cancer, inherited genetic diseases and infectious diseases (discussed in more detail in the next section). Particularly impressive has been the use of antigenspecific T lymphocytes for the treatment of viral infections, including Epstein-Barr virus lymphoma [17] [18] [19] [20] and cytomegalovirus in vivo 17, 21, 22 .
The success of such immune therapies stimulated efforts to develop other cancer immunotherapies, including cell-and genebased vaccines. Dendritic cell transfer is among the most promising of cellular strategies, and it has generated considerable excitement. Intensive research over the past 30 years has revealed the considerable complexity of dendritic cells (reviewed in ref. 23 ). Different types of dendritic cells, such as myeloid or plasmacytoid, as well as different stages of maturation, have been described. Scientists have also learned how to maintain and expand these cells using cytokines in vitro. Dendritic cells are now being evaluated for their effects on a variety of immunotherapy disorders, including cancer and HIV infection, where they are likely to make significant contributions in the future.
The possibilities of cellular therapy have also been realized in the field of transplantation. Among the most impressive advances in recent years has been the use of purified pancreatic β-cells, together with specific immune suppression, for the treatment of juvenile-onset diabetes. This autoimmune disease triggers destruction of endogenous pancreatic β-cells at an early age, and the adaptation of cellular therapy to replace insulin in a physiological manner-an approach thought quite challenging only a few years ago-has shown great promise 24, 25 . Besides the use of specific immune suppression to promote cellular engraftment, a potent regulatory T cell, the CD4 + T reg cell, may suppress immune activation in a variety of physiologic settings. Increased understanding of the mechanism of action of these cells and improved methods for their isolation may provide yet other approaches to cellular therapy for autoimmune and allergic diseases 26, 27 .
The next frontier for cellular transplantation lies in the realm of human stem cells. With the notable exception of bone marrow transplantation, this technology has yet to yield therapies for disease, but selected embryonic or adult stem cell populations could potentially be used for cell transplantation therapy for a variety of diseases such as diabetes, Parkinson disease, inherited genetic deficiencies and sicklecell anemia (Fig. 2) . The ability to develop embryonic stem cell lines and the successful cloning of several animal species have in recent years stimulated considerable interest in using embryonic stem cells. The use of embryonic stem cells in medical practice remains highly controversial and is currently premature, but it remains an important area of laboratory research considering its therapeutic potential.
A number of studies have demonstrated the therapeutic potential of stem cells. Mesenchymal stem cells, for example, are under evaluation in preclinical and early clinical studies of myocardial infarction for their ability to limit infarct size [28] [29] [30] [31] [32] . Whether some aberrant stem cells have the capacity for self-renewal but also for unregulated growth control that might be desirable targets for the treatment of malignancy is another intriguing idea 33 with significant implications for cancer chemotherapy.
Bone marrow transplantation has already proven the success of a specialized committed progenitor, the hematopoietic stem cell, as a highly effective cell-based therapy. But if progress is to be made with committed adult stem cells of other lineages, major questions remain to be addressed, including understanding the plasticity of adult stem cells, the control of self-renewal and the differentiation capacity of committed progenitors. The delineation of the genetic programs that lead to commitment and to specific pathways of differentiation will likely facilitate the development of these new therapies. Further characterization of specific cell types, as well as the use of defined media that allow the expansion of specific and homogeneous cell types, might considerably improve translation into the clinic.
Gene therapy
Gene therapy holds promise that progress in molecular genetics can be applied directly to the treatment of human disease. Inherited genetic disorders were originally considered natural targets for such therapies, but considerable difficulties have arisen in targeting delivery to specific cell types in vivo, regulating expression of recombinant genes and controlling vector immunogenicity (reviewed in ref. 34) . As a result, gene therapy has not yet fulfilled its potential. The development of this field may well parallel that of monoclonal antibody therapy in its early stages. While apparently simple in concept, the practical realities of translating these ideas into clinical practice have proven more difficult than first imagined. And though gene therapy may face greater technical NATURE MEDICINE VOLUME 10 | NUMBER 2 | FEBRUARY 2004 137 hurdles, the increasing sophistication of molecular biology may yet allow this approach to make a significant contribution to medical therapy.
The first gene transfer studies, pioneered by Blaese, Anderson and colleagues in 1990, attempted to correct adenosine deaminase deficiency, an inherited genetic disorder. The patient's inability to degrade adenosine causes toxicity to T cells and lymphocyte depletion, resulting in immunodeficiency. In a clinical trial, patient T lymphocytes were genetically modified in the laboratory (ex vivo) and then reinfused. Although long-term marking was seen in at least one case 35 , no change in immune function was observed, probably because of the low frequency of gene transfer into T cells, the apparent lack of selective expansion of the 'corrected' cells, and possible immunity generated against one of the bacterial resistance genes, neomycin, that was included for positive selection in the retroviral vector. This study and other early gene marking studies 35, 36 suggested that recombinant gene transfer could be achieved in a selected subpopulation of cells. These pioneering trials also helped address important regulatory concerns and stimulated research into vector delivery vehicles with applications for inherited and acquired diseases.
Inherited hemophilia was thought to be a particularly promising gene therapy target, perhaps because the deficient protein (factor VIII or factor IX) circulates systemically and can be made, in theory, by any number of cell types. Indeed, preliminary trials have demonstrated gene transfer and expression of human factor IX in animals and human patients [37] [38] [39] . But the most encouraging advance so far has been in treatment of an inherited severe combined immunodeficiency (SCID) caused by mutation of the common γ-chain of the growth factor receptor. In this study, bone marrow cells from five children with SCID-X1 were transduced ex vivo with a replication-defective retroviral vector expressing the functional γ-chain. When these transduced cells were engrafted back into the patients, they repopulated the lymphoid system and restored immune function 40 . This first therapeutic outcome in a gene transfer trial represented a breakthrough in the field. Similar approaches applied to other immune disorders have been without success, however, probably because of differences in the biology of these diseases. And unfortunately, the feature of SCID-X1 deficiency that led to success conferred an unexpected side effect: the uncontrolled proliferation of the gene-modified T cells in several subjects 41 , possibly related to insertional activation of an oncogene in these cells 42 . This experience underscores the need to regulate the expression of recombinant genes and to monitor sites of integration that may induce inadvertent gene activation.
Gene therapy research has grown at an astounding rate over the past ten years. Today, the prototype retroviruses are joined by a large number of different viral and nonviral vectors, as potential gene delivery vehicles. Each system has different properties, advantages and limitations depending on the disease target. Lentiviral vectors, for example, have proven highly effective in achieving stable gene transfer in nondividing cells, but the sites of integration into the genome are not specific, and concerns related to inappropriate activation of neighboring genes have arisen.
Adeno-associated virus vectors are considered less immunogenic and have some desirable safety features, but are less efficient at infecting certain nondividing cells and can carry only small therapeutic genes. Adenoviral vectors are highly effective at gene transfer and can be grown to high titer, but they do not integrate and are highly immunogenic; they are thus desirable for immunotherapy and vaccine applications but undesirable for the correction of inherited genetic disorders. Naked DNA, DNA-liposome complexes or DNA-microparticle complexes are proving effective in the induction of immune responses but are not efficient with respect to DNA integration; these nonviral approaches are potentially useful as vectors for cancer vaccines.
To date more than 600 clinical trials for gene therapy have been initiated or completed 43 (http://www.wiley.co.uk/genetherapy/ clinical/). Although it was first conceived as an approach to treating inherited disorders, most gene therapy trials today target acquired diseases. This area seems most likely to produce the next wave of breakthroughs. Though early in development, progress has been made in reconstitution of gene-modified cells in HIV-infected individuals, providing intracellular gene products that exert antiviral effects in vivo 43, 44 .
By far the largest proportion of gene therapy trials target cancer. This focus reflects not only acute unmet medical needs but also the requirements of the therapy. The population of target cells is localized and easy to identify; transient expression of a recombinant gene may induce immune effects that persist; and a variety of approaches can achieve cell cytotoxicity and the generation of antitumor immunity. In fact, the direct administration of recombinant genes in vivo (as opposed to ex vivo modification and reinfusion of cells) was first performed in a cancer immunotherapy study 45 that documented the expression of a recombinant gene-an allogeneic histocompatibility gene designed to boost antitumor immunity-and the generation of antitumor immunity in five patients. Local and systemic tumor regression was observed in at least one subject. This approach is currently under evaluation in larger phase 3 efficacy trials. Another cancer gene therapy approach is the introduction of immunomodulatory genes, such as cytokines and costimulatory molecules, including granulocyte-macrophage colony-stimulating factor or the B7 costimulatory molecule, into malignant cells to boost antitumor immune responses. In other cases, attempts have been made to replace defective tumor oncogenes such as those encoding p53 or retinoblastoma, although delivery of such gene products to all required cells is technically difficult. None of these approaches has yet shown success in phase 3 clinical trials.
Another innovative approach to treating cancer has been the use of conditionally replicating oncolytic viruses such as the ONYX-015 adenovirus, which can only replicate in cells that contain a mutant form of p53. Encouraging preliminary data was reported in a clinical trial using this virus in combination with chemotherapy to induce regression of squamous cell carcinomas of the head and neck 46 . It remains to be seen whether these viruses can infect a sufficient number of tumor cells and avoid immune responses that might otherwise limit the duration of the therapeutic effect.
Although substantial progress has been made over the past decade toward improving gene delivery technology, the field has entered a less exuberant phase. Clearly many challenges remain before the technology can fulfill its promise. These include targeting specific cell populations, achieving integration into the host genome at specific sites that will not affect neighboring genes, achieving appropriate gene regulation and avoiding immune detection. Nevertheless, the technology continues to improve as it incorporates new scientific developments. Among the more promising is RNA interference. The transfer of small interfering RNA molecules offers the opportunity to alter long-term gene expression in vivo in ways that might minimize genotoxicity and achieve specificity 47 .
In conclusion, although technological improvements will no doubt drive advances, progress is likely to be measured and disease-specific. But the efforts invested in gene therapy and stem cell technologies are likely to be productive and positive as their complexities are more fully appreciated.
Vaccines
Vaccines historically represent one of the most established and cost-effective procedures in medicine, having perhaps the greatest impact on human health of any medical intervention. Jenner's smallpox vaccine, for example, eliminated human infection by variola virus and led to eradication of the naturally transmitted virus whose mortality has exceeded 300 million lives in the last century alone 48 . The impact of other vaccines, such as the polio or influenza vaccines, has reinforced the value of the approach.
Recent developments in molecular and cellular immunology, genetics and gene delivery have stimulated a renaissance in the field of vaccine research. In addition to a variety of modified viral vectors, including poxviruses such as canarypox, fowlpox and modified vaccinia Ankara, researchers have developed novel adenovirus serotypes, alphaviruses, adeno-associated viruses and nonviral vectors such as naked DNA that can be used as vaccine vectors for a variety of infectious diseases (Fig. 3) . Naked DNA has shown particular promise in a variety of different animal models of infectious disease, including HIV 49 , influenza virus 50 , malaria [51] [52] [53] [54] , tuberculosis 55 , Ebola virus 56 , rabies 57 , lymphocytic choriomeningitis virus 58, 59 and herpes simplex virus 60 . This technology has been evaluated in phase 1 human clinical trials for HIV, malaria and influenza virus.
Methodologies for defining immunogens and rationally improving immunogen design have been greatly improved by advances in structural biology. In the case of HIV, for example, X-ray crystallographic studies of the gp120 protein 61 have yielded important information regarding antigenic determinants on this molecule. Based on the X-ray structure, specific rational mutations could be designed to alter, or expose potential antigenic determinants. The definition of functional structures, such as the helical coiled-coil regions of viral envelope glycoproteins 62 , has also revealed highly conserved functional domains that may be susceptible to neutralizing antibodies or other forms of antiviral therapy. Advances in recombinational PCR 63-65 make it possible to generate large libraries of immunogens that can be selected for desirable immunologic properties.
Undoubtedly the field of vaccine technology will benefit from the sophisticated advances in genomics and bioinformatics. Although these technologies have yet to be applied to large-scale clinical vaccine trials, the large numbers of subjects in such trials and the importance of genetic factors in determining immune responses make this subject a logical focus of investigation. The judicious use of genotyping in human trials is likely to allow the identification of genes that determine responsiveness in human populations. Such information could be used to further optimize vaccines and to test and predict their efficacy in specific human populations.
Finally, although the field of vaccination has historically focused on the prevention of infectious diseases, this technology provides a broader base for immune modulation of pathologic responses underlying other conditions. Recent studies have explored the possibility of using vaccination or immune intervention for the treatment of neurologic diseases, specifically Alzheimer disease, based on the ability of antibodies to reduce the formation of neurologic lesions in a mouse model of the disease 66 . A vaccine approach has also been developed for the prevention of atherosclerosis through the generation of antibodies to the cholesterol ester transfer protein (CETP) 67, 68 . CETP inhibition might increase the ratio of high-to low-density lipoproteins; this more favorable lipid profile is found in individuals with specific inherited mutations of CETP associated with protection against cardiovascular disease. Specific vaccine strategies have also been applied to a variety of allergic and autoimmune diseases. Finally, as noted above, the field of cancer immunotherapy has shown increasing promise as tumor antigens have been better defined, and the mechanisms that prevent immune responses to malignancies better understood. Better understanding of the basic molecular lesions and the delivery technology, as well as a more systematic assessment of human immune responses to tumor antigens will likely yield continued improvements in the success of these approaches.
Over the last several years, advances in gene-based delivery technology arising from the field of gene therapy have helped revitalize the field of vaccine development 69 . There have been advances in the understanding of a number of viruses, and the methodology for making recombinant gene products, both of protein-and gene-based vaccines, has diversified and improved. The ability to
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use continuously passaged cell lines to produce viral vaccines provides greater consistency and safety, and represents an important technological improvement. A variety of candidates show promise, including vaccines for human papillomavirus, herpesvirus and rotavirus which are in advanced clinical testing. Should these vaccines alone fulfill their promise, millions of lives would be saved and much needless suffering prevented. The development of vaccines against emerging infectious diseases, including Ebola virus, the severe acute respiratory syndrome coronavirus and West Nile virus, would contribute greatly to biodefense at the same time they would also have profound effects on world health.
Although considerable progress has been made, some major diseases remain recalcitrant to vaccination. AIDS, tuberculosis and malaria continue to extract a major toll on human health. In the next ten years, the confluence of virology and immunology will no doubt advance these fields and help to contain a variety of diseases. Perhaps these advances will constitute the most significant progress that we might expect in the coming decade. Should a fraction of these efforts realize their potential, millions may owe their lives to novel medical interventions made possible only by this golden age of biological discovery.
